The average time required for cancers to progress through stages can be reflected in the average age of the patients diagnosed at each stage of disease. To estimate the time it takes for non-small-cell lung cancer (NSCLC) to progress through different tumor, node and metastasis (TNM) stages and sizes, we compared the mean adjusted age of 45904 NSCLC patients with different stages and tumor sizes from Surveillance, Epidemiology and End Results (SEER) cancer registry database and our institute. Multiple-linear-regression models for age were generated adjusting for various factors. Caucasian, African-American and Asian patients with stage IA cancers were on average 0.8, 1.0 and 1.38 adjusted years younger, respectively, than those with stage IIIB cancers (p < 0.001). And these with T1a cancers were on average 0.84, 0.92 and 1.21 adjusted years younger, respectively, than patients with T3 cancers (p < 0.001). Patients with tumors measuring larger than 8 cm in diameter were on average 0.85 adjusted years older than these with tumors smaller than 1 cm (p < 0.001), with Caucasian demonstrating the shortest age span (0.79 years, P < 0.001). In conclusion, the time-to-progression of NSCLC from early to advanced stages varied among ethnicities, Caucasian patients demonstrating a more rapid progression nature of tumor than their African-American and Asian counterparts.
Lung cancer is the leading cause of cancer-related death in both men and women worldwide 1 . Most lung cancers (85%) are classified as non-small cell lung cancer (NSCLC), with adenocarcinoma and squamous cell carcinoma being the most common subtypes. The advancements in thoracic imaging have increased the incidence of detection of small solitary pulmonary nodules (SPNs) 2, 3 . Treatment decisions for these lesions must weigh the risks and benefits of prompt identification of malignant nodules to avoid surgery in patients with benign nodules. Highlighting optimum management of SPN.
Given that a lesion's growth pattern can largely reflect its malignancy, a better understanding of the natural development processes of the early clinical stages of lung cancer has instructive significance in present surveillance guidance for lung cancer screening when a small sized SPN is detected 4 . The growth nature of lung tumor has been examined in several studies by estimating the average volume doubling time (VDT) [5] [6] [7] [8] . The overestimation of a solid nodules smaller than 6 mm by VDT indicates a degree of imprecision, and may yield uncertainty in doubling times that make benign and malignant nodules indistinguishable. Other studies have attempted to estimate tumor growth using experimental models. However, it is unclear that whether these data from the models can be accurately extrapolated to represent the growth properties of primary human lung cancers 5, 7 . If the average time required for NSCLC to progress through its different stages is long enough, the average age differences of the patients diagnosed at each stage can be presumed to be the stage-to-stage time intervals 9 . In our study, the data from the National Cancer Institute's (NCI's) Surveillance, Epidemiology and End Results (SEER) database and our institute were analyzed to estimate the stage-to-stage age intervals throughout NSCLC. The average adjusted age of patients with small and early stage lung cancers versus those with larger and advanced stage lung cancers were compared to estimate the average time it takes lung cancer to progress through its clinical stages.
Statistics analysis.
The primary goal of the present study was to identify factors associated with AAD and to estimate the average time-to-progression of lung cancer through its clinical stages using multiple linear regression models. Student's t-tests were used to examine the patient and tumor characteristics. Differences in age by patient groups defined by tumor, node and metastasis (TNM) stage and tumor size were estimated with multivariable linear regression models that adjusted for sex, ethnicity, tumor location, histologic type and grade. Given that the quantitation of primary tumor burden is more accurate than the extent of metastatic disease. This analysis only focused on estimating the average time-to-progression of NSCLC among patients who had localized or locally advanced disease (stage I~III lung cancer). All of the analyses were completed using SPSS (Version 22.0).
Results
Patient characteristics. The basic information of patients in the SEER database and our institute is shown in Tables 1 and 2 . Caucasians were significantly older at the time of diagnosis than African-Americans (mean difference (MD), years), 95%CI, (3.37, 3.06~3.68) and Asians (3.34, 2.99~3.69) (p < 0.001 for both). Males with NSCLC were 0.47 years older than females (MD, 95%CI: 0.28~0.66, p < 0.001). Patients with undifferentiated tumors (68.15, 67.2~69.1) were, on average, 0.84 adjusted years younger (95%CI: − 0.10~1.78, p = 0.08) than those with higher neoplastic grade (well, moderately and poorly). Those patients whose tumors located in the main bronchus is younger compared to other patients. (P < 0.001 for all).
The relationship between patients' race and tumor characteristics was showed in Tables 3 and 4 . The results are similar to overall analysis, but significant difference in AAD between male and female was not found in Caucasians (Table 3) . We compared the tumor size by patient demographics (Table 4) We compared the tumor characteristics between Asian patients in SEER database and our institute (Supplementary Table 3 ). The patients in our institute is younger compared to the patients in the SEER database (60.71 years vs. 68.60 years), and had more moderately-differentiated tumor (74.7% vs. 41.9%), more squamous cell carcinoma (25.8% vs. 20%, p < 0.001). In SEER database, the majority of Asian group includes Japanese, Korean and Vietnamese. Whereas all the patients in our institute is Chinese patients, the different nation in the two cohorts might explain the difference. All this factors has been adjusted in the linear regression model.
Relationships between patient age and overall, T and N stages. To estimate the time it takes for an early stage cancer to progress to advanced stage cancers, we compared the average adjusted age of patients with localized or locally advanced cancers without distant metastases after adjusting for patients ethnicity, sex, tumor location and grade (Table 5) . Patients with stage IA cancers (age: 68.96 adjusted mean years) were on average 0.83 adjusted years younger (p < 0.001) than patients with IIIB cancers (age: 69.79 adjusted mean years). This difference was more evident when comparing African-American and Asian patients, the average adjusted AAD of these patients with IIIB disease were 1.00 and 1.38 years older, respectively, than patients with IA disease (p < 0.001 for all).
Interestingly, among all the patients, the age/stage relationship was nonsignificant for patients with stage IV cancers (distant metastases cancers) versus stage IA cancers (Supplementary Table 4 ). Stratification analyses by ethnicity found no significant age/stage relationship in Caucasian and African-American, Only Asian patients with stage IV cancers were older than their counterparts with stage IA cancers (0.79 years, p < 0.001). The lack of age difference between stage IV patients and stage IA patients may largely due to the fact that the primary tumor Scientific RepoRts | 6:28477 | DOI: 10.1038/srep28477 size in patients with localized or locally advanced lung cancer can better demonstrate the overall tumor burden and disease duration than it is in patients with metastatic lung cancer. Besides, the tumor size of metastatic lung tumor is mainly measured by imaging tests. The accuracy of imaging tests of lesion size in patients with metastatic lung cancer is inferior to pathological measurements of the primary cancer performed in patients who received surgical treatment.
We therefore explored the differences in the adjusted age of patients with localized or locally advanced disease according to their primary tumor T stage (Table 5) . Among patients diagnosed with stage IA to IIIB cancers, the average adjusted age of patients with T1b, T2a, T2b, T3 and T4 tumors was significantly older than that of patients with T1a tumors (by 0.08, 0.15, 0.63, 0.62 and 0.92 years, respectively, p < 0.001 for all). Interestingly, the age span from low-to-high T stage did not demonstrate an increasing trend in a general term; specifically, the age differences became less evident when T3 were compared with the T1a stage in all ethnics. The adjusted age of Caucasian, African-American and Asian patients with T3 tumors was significantly younger than that of patients with T2b tumors (by 0.17, 0.51 and 0.19 years, p < 0.001 for all). This decreased age difference among patients Table 5 ). We further explored the age/T stage relationship within the specific and throughout TNM stages in all patients (Supplementary Tables 6 and 7 ). The age difference between the T stages within the same and throughout TNM stages showed similarly results. However, due to limited T1a patients in late TNM stages, the Asian patients failed to demonstrated significant age difference in the same TNM stages.
We analyzed the time required for lung cancer progression with different histologic types. The results showed that it takes less time for early stage lung adenocarcinoma to progress to advanced stage. In patients with adenocarcinoma, the average age of stage IIIB patients is 1.17 years younger (p < 0.001) than patients with IA disease, whereas in squamous cell carcinoma patients, the time span is 2.5 years (p < 0.001) ( Table 6 ). The age difference for the T/age comparison showed that squamous cell carcinoma patients demonstrated longer age spans (from T1a~T3) than that of adenocarcinoma; specifically, 1.8 and 0.92 years (p < 0.001 for both). Some expected patterns in the patient age/N stage relationship were also revealed. Among patients diagnosed with stage IA to IIIB cancers, the average adjusted age of patients with N1, N2 and N3 tumors was significantly older than that of patients with N0 tumors (by 0.09, 0.12 and 0.56 years, respectively, p < 0.01 for all, Table 5 ). This difference was more evident in stratified analysis in African-American and Asian patients. African-American and Asian patients with N0 cancers were on average 0.77 and 0.93 adjusted years younger, respectively, than patients with N3 cancers (p < 0.001 for both).
Relationships between patient age and tumor size. To exclude cofactors other than tumor size in T3 staging (Supplementary Table 2 ), we explored the relationships between patient age and primary tumor size alone to see if the similar results can be found. As we expected, similar trends were noted: Among patients with stage I, II, and III patients, there was a general trend within these stage subgroups for patients with larger tumors to be older than those with smaller tumors (Table 7) . The mean adjusted age of patients with tumors measuring larger than 8 cm in diameter was on average 0.85 adjusted years older than those with tumors measuring ≤ 1 cm (p < 0.001). Whereas the age difference was not evident when comparing patients with tumors measuring 1 to 2 cm to that of smaller than 1 cm, even the tumors measuring 1 to 2 cm were on average 0.8 cm larger than tumors measuring ≤ 1 cm in size. A further stratification analysis by ethnicity showed similar trends and that Caucasians with tumor measuring > 8 cm demonstrated the shortest age span (0.79 years younger, p < 0.001) to their counterparts with tumors measuring ≤ 1 cm and Asians demonstrated the longest (1.79 years younger, p < 0.001).
Discussion
In the present study, the average AAD of lung cancer patients was compared after adjusting for cofactors to estimate the average time it takes lung cancers to grow within and through different stages and sizes. The small age difference between patients of early and advanced stage indicates that once a lung cancer lesion is detectable by tests, its growth and progression to more advanced stages of the disease is rapid, especially in Caucasians.
We report a variation in lung cancer progression pattern for Caucasians, African-Americans and Asians, The relatively longer duration of growth in Asian patients is consistent with several studies from Asian institutes that have estimated the VDTs of lung cancer using imaging tests 6, 8, 11, 12 . The heterogeneity of such patterns in other ethnicities should be validated through additional cohort studies.
Ethnic variations in lung cancer progression may be explained by many factors, including differences in smoking prevalence 13 , environmental exposures 14 , socioeconomic status 15 and genetic backgrounds 16 . Regional differences in smoking prevalence may contribute to the disparities. It is reported that the mean of tumor VDT was significantly shorter in patients with a smoking history than in patients without a smoking history 17 . In addition to smoking status, ethnic variation of gene mutations may attribute to the discrepant progression patterns. Many biomarkers, including K-ras and epidermal growth factor receptor (EGFR) somatic mutations have clearly demonstrated different characteristics between NSCLC patients in Asian and Caucasian populations. K-ras mutation is predominantly observed in Caucasian patients 18 . The EGFR mutation rate is approximately 5~13% among Caucasians but 30~40% among East Asians.
The finding that the progression of lung cancer in Caucasians is far more rapid than in other ethnicities may explain why lung cancer mortality proved higher in developed countries such as Europe, North America, Australia and New Zealand, whereas Asia and Africa showed plateauing or decreasing rates 19, 20 . Several studies have ascribed this mortality variation to the differences in the stage and degree of the tobacco epidemic 21 . Here, we presume that Caucasian patients might lose the best opportunities for surgery on their first visit due to the rapid progression feature.
The increase in age from low-to-high stages did not demonstrate a general trend. The exception of IIIA and IIIB versus IA stages could be linked to the similar results of specific T/age comparisons (T3/T4 (locally advanced tumors) versus the T1a stage). In addition, skip lymphatic metastasis (N2 of IIIA and IIIB stages) and small aggressive tumors (T3 of IIIA/IIIB stages) in young patients might also diminish the age differences between patients with stage I or II disease and stage III disease. Studies have reported that 5-25% of patients have N2 skip lymphatic metastasis 22, 23 , 6-16% of small tumors (≤ 3 cm) in previous studies had lymphatic metastasis and 19.8~34.2% of small size tumors have proven to be locally invasive tumors (T3/T4) 22, [24] [25] [26] . Our dataset showed that 23.89% (5626/23552) of patients with small tumors (≤ 3 cm) had lymphatic metastasis and 15.7% (3703/23552) were locally invasive (T3 and T4) tumors. 641 of the primary lung tumors (stage I~III, 34845 patients, 1.8%) measuring smaller than 7 mm, 67 of them (10.5%) had lymphatic metastasis, 119 (18.6%) were locally advanced lesions (T2a, T3, T4) ( Table 8 ). The data indicate that invasiveness cannot be overlooked in small sized lung tumors, the possible age independent factors should be noted in relation to the small age difference in high T stage and overall stages versus lower stages.
Evidence that the progression of lung cancers through their clinical stages is not a long-term course calls for more effort in detecting lung cancer while it is still at an early stage, especially in Caucasians. The principal response to "how often, and how long to screen" for high-risk patients is whether the benefit seen in the NLST would be modified by screening for longer periods at different intervals than those used in the NLST. The current recommendations from US Preventive Services Task Force (USPSTF), which are mainly based on the NLST trial, has advocated that screening should be undertaken annually in a pre-specified groups of individuals. Duffy and colleagues estimated the likely effects of annual and biennial screening programs, suggesting that the benefit of biennial screening is subject to additional uncertainty but the issue merits further empirical research 27 . Although the 2-year probability of developing lung cancer was 0.4% in NELSON (The Dutch-Belgian Randomized Lung Cancer Screening Trial) participants with no pulmonary nodules detected, our analysis indicates that it take less than 1 year for a small tumor lesion in Caucasians to progress to advanced stage disease, suggesting a high risk of delayed diagnosis by annual screening of lung cancer in this population. Besides, the time to progression of NSCLC to advanced stage takes around 1 to 1.5 years for African-Americans and Asians, Thus further studies are needed to validate whether a screening interval of at least 2 years is safe to apply in these individuals. In addition, considering the growth nature of tumor in our dataset varied among ethnicities, potential benefit may lies in customized surveillance strategies for monitoring SPNs in different ethnicity.
Our study confirmed other prior associations between lung cancer risk factors and AAD. African-Americans were diagnosed with lung cancer at an older age than other ethnic groups, patients with squamous cell lung cancer to be older and had larger tumors than adenocarcinoma. We also found that larger primary lung cancers were more likely to be poorly differentiated and undifferentiated, consistent with the hypothesis that larger tumors are more vulnerable to tumor hypoxia, and in turn influence the differentiation state of the tumor 28 . Strengths of this study include the breadth of the SEER database creates a more representative population of patients and greater generalizability of results, and the large sample size provided sufficient statistical power to thoroughly understand the natural history of progression of adenocarcinoma and squamous cell carcinoma of lung. A limitation is the fact that smoking history is not provided in the SEER data source, which would have helped understanding whether these ethnic differences can be accounted for by smoking status alone, or whether they imply more fundamental biological differences.
In conclusion, we demonstrated that lung cancer progression is rapid by comparing the adjusted average ages of patients with localized or locally advanced lung cancer at diagnosis. The Caucasian NSCLC patients showed a far more rapid progression than the African-American and Asian patients, calling for customized strategies of SPNs surveillance in lung cancer screening among different ethnic groups. 
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